and shapes, pomegranate grains are packed in a compact way without voids. As a result, the internal space of its rind is fully exploited to store as much flesh as possible. Inspired by pomegranate, it is expected that the irregular AC particles can be highly dense-packed with minimal voids in a similar way. In this way, the more active materials are accommodated in a certain space, the higher energy is provided in a limited volume. To realize the dense packing like pomegranate particles, AC particles as "pomegranate grains" demand for some kind of "peel" for package and a compression force to facilitate the densification. To make the AC particles into a compact integration, a "peel" is highly desired to wrap them in a compact way, which is supposed to be 1) sheet-like, 2) flexible, 3) strong, 4) electrically conductive, and 5) able to lap over each other as well.
Graphene would be an ideal candidate for such a peel due to its high strength and good conductivity, [3] its flexibility to assemble into a 3D network [32] and cling to the irregular particles, and more importantly, the shrinkage of the assembled graphene network caused by the capillary evaporation of water adsorbed inside it. [25] As a proof of concept, we used commercial AC YP80 as a typical example to show the effectiveness of this densification strategy where a small amount of graphene is used and the self-shrinkage of the graphene "peel" exerts a force to densify the ACs inside. As expected, this densification results in a compact structure with a relatively high electrode density of 0.76 g cm −3 that is much larger than the 0.41 g cm −3 for pristine ACs. Besides, the AC and G work synergistically for a higher capacitance, with the former providing a porous structure for ions storage and avoiding G layer restacking, and the latter constructing a 3D conductive network and modifying the ion transport. When used as an additive-free supercapacitor electrode in an ionic liquid electrolyte, the graphene-wrapped ACs show a gravimetric capacitance of 181 F g −1 and a volumetric capacitance of up to 138 F cm −3 , resulting in high gravimetric and volumetric energy densities of 101 Wh kg −1 and 77 Wh L −1 , respectively. Figure 1a shows the AC densification strategy using the graphene "peel." Typically, irregular AC particles were dispersed with amphiphilic graphene oxide (GO) sheets and then mixed with reductant L-ascorbic acid sodium salt (L-AASS) in a mixed solvent of water and ethanol. As the GO gradually reduced during the gelation process, the sheets overlapped to form an interconnected 3D network that wrapped AC particles in it. After shrinkage to form a hydrogel, it was densified by capillary Pomegranate-inspired densely packed structure for the densification of ACs. a) Scheme of how to pack activated carbons in a 3D graphene network. Inspired by the dense packing structure of pomegranate (middle), the YP80/G hydrogel was formed into a 3D structure through gelation, followed by its shrinkage in the solution as the reduction proceeded. The capillary evaporation-induced drying (CEID) on such a hydrogel results in an obvious volume shrinkage to produce a dense monolith. SEM images of b) the low-density YP80 powder and c) the low-density YP80/G composite foam after freeze drying, and d) the high-density YP80/G monolith after CEID.
evaporation-induced drying (CEID) to produce a compact AC/G composite. The densification strategy composed of three main steps shown in Figure 1a has following key points: 1) The selfassembly of G was clearly separated into two stages: gelation and shrinkage, which means that 3D network was firstly constructed before shrinkage. 2) The gelation time determines the graphene coating efficiency of AC, and we can make it up to 100% here even if a pretty small amount of graphene is used. The shrinkage associates with the reduction degree of GO and greatly influences the strength of hydrogel. 3) Compared to freeze drying which produces a foam-like structure that retains the volume of hydrogel, we earlier developed a CEID approach that densifies the graphene network by the evaporation of water exerting a strong inward force on the graphene nanosheets. [25] As the water evaporates from inside the network, the graphene composite gel shrinks drastically, making the monolith compact and mechanically strong. Taking YP80 as a typical example (Figure 1b) , by analyzing factors of the three steps, we proposed pointers on how to control a scalable preparation process ( Figure S1 , Supporting Information) for graphene-coated/ encapsulated materials realized with 3D hydrogel, not confined to densification of AC.
The gelation process determines if all the particles can be packed in the graphene network. In our previous work, a pure graphene hydrogel was prepared by hydrothermal reduction of graphene oxide (GO) suspension (180 °C in water in a sealed autoclave) and then treated by CEID. However, the hydrothermal process was found to be ineffective here when hydrophobic AC particles were intended to be packed into graphene network through gelation ( Figure S2 and Table S1 , Supporting Information). We have therefore developed a chemical-reduction-induced assembly method for the G-assisted gelation of an AC suspension, in which ACs and GO were dispersed in a water/ethanol mixture and gelation occurs at a low temperature (normally at 80 °C) in ambient atmosphere. This unique gelation process is critical for the later capillary shrinkage of the resulting gel. When this low-temperature reduction was used to prepare a composite gel, the reduced GO (rGO) sheets became less hydrophilic and tend to overlap and form a 3D network [33] with AC particles evenly distributed among the sheets. A cylindrical gel was observed at the very beginning of shrinkage ( Figure 1a and Movie S1, Supporting Information), so it can be inferred that the gelation was completed ahead of shrinkage and explain why hydrogel shapes are always consistent with the shape of containers ( Figure S3 , Supporting Information). In this period, which took 2.5 h in our experiment with YP80, there was no obvious external change visible to the naked eye (Movie S1, Supporting Information) though a 3D network has been constructed and a stagnant gel-like state was formed. Once the particles were supported by the network, they would no longer sink to the bottom.
Note that not all AC particles could be packed if gelation took so long that ACs will be partially precipitated. That is the reason why the hydrothermal reduction was not efficient here and thus made it difficult to control composition of the composites. Although it was reported that a G hydrogel could form within an hour using the hydrothermal method, [33] but more time is needed when a different solvent is used. In order to disperse the AC particles, a mixture of deionized water and ethanol was chosen. Gelation time of GO (1 mg mL −1 ) in the ethanol/water mixture (1.5 h, Movie S2, Supporting Information) is twice that in water (40 min, Movie S3, Supporting Information), due to the increased affinity of the mixed solvent. After AC was added, the gelation time increased even more (2.5 h, Movie S1, Supporting Information) because the AC particles between the graphene sheets increased the layer separation and hindered the gelation. Except for the solvent and packed materials, other factors involving the reduction of GO, like initial oxygen content, temperature, and reductant, and interaction between rGO sheets, such as concentration, are also important to adjust the gelation time ( Figure S4 , Supporting Information). In this work, the GO concentration of 1 mg mL −1 with an L-AASS reductant concentration of 0.01 m at 80 °C for 16 h were chosen as the optimized condition to prepare the YP80/G composite.
Shrinkage occurred in the solution as the number of oxygencontaining functional groups further decreased, causing stronger π−π interaction between the sheets and a continuous shrinkage of the network. The gel became smaller during the following 5 h shrinkage process but then remained its size because reduction had ended (Movie S1, Supporting Information). It was found that the solvent had a great influence on the shrinkage speed (Movies S2 and S3, Supporting Information). Shrinkage in the pure water was quite fast (50 min) whereas in the mixed solvent it took 5 h. The shrinkage speed is greatly influenced by the interaction between the rGO sheets and the solvent. [34] In the pure water, the rGO sheets have lower binding energy with the water molecules, which tend to be isolated from the water suspension. This favors the π-π interactions between sheets and hence results in a fast shrinkage. However, in the water/ethanol solvent, a stronger interaction between rGO and ethanol molecules actually restrains the crosslinking of rGO layers.
CEID played a vital role in the dense packing of ACs, since there was still a lot of empty space in the network after shrinkage in the solution, as shown in the scanning electron microscope (SEM) images of freeze-dried samples (Figure 1c ). During CEID, solvent molecules were removed and the graphene network contracted as a result of capillary forces [25] and this forced the AC particles into a compact arrangement. Every "pocket" in the G network in which one or more AC particles settled shrank so that the flexible G clung to the surface of the irregular AC particles (Figure 1d and Figure S5a ,b, Supporting Information). As a whole, the network formed a strong monolith with the smallest number of voids. Unlike the loose foam structure produced by freeze drying ( Figure S5c , Supporting Information), this compact monolith had a smooth texture and appearance (low-magnification SEM images shown in Figure 1d ). Despite the marked differences in apparent density, the samples dried by the two entirely different methods have similar SSAs and pore distributions ( Figure S6a ,b, Supporting Information), while XRD of the freeze-dried sample has a broader peak at around 24.4° ( Figure S6c , Supporting Information), indicating a more disordered structure.
As shown in Figure 2a , the composite materials were prepared by adjusting the mass ratio of YP80 and GO (details are listed in Table S1 of the Supporting Information). A cylindrical gel was formed even if a pretty small amount of G was used to package the YP80 particles, yielding the sample with 96.7% YP80 in the final material. However, without sufficient G sheets to form a large network, the gel of this last sample had a deformed cylindrical shape with a thick bottom owing to particle deposition. As the YP80 content increases, N 2 adsorptiondesorption isotherms of the samples begin to show more YP80 features as shown in Figure 2b , with a hysteresis loop from G gradually disappearing while a plateau getting higher thanks to an increase in micropores. Note that the G sheets, whose diameters are hundreds of nanometers, have a great influence on the way the YP80 particles are stacked, but do not alter their pore structures (Figure 2c and Table S2 , Supporting Information), so the calculated BET SSAs based on the mass ratios are close to the experimental values (Figure 2d) . From the pore size distribution in Figure 2c , it is also found that there are a large number of micropores around 1 nm and small mesopores around 2 nm in the YP80/G, which are suitable for the storage of EMIMBF 4 ions. [35, 36] Notably, there is a definite dependence of an electrode conductivity on the proportion of G, since G has a much better conductivity than YP80 (Figure 2e) . Taking the 76.5% sample as an example, its conductivity is six times that of pristine YP80. Figure 2f shows that an increase in the wt% of YP80 leads to an increase of SSA from 521 to 2165 m 2 g
, with a decrease in electrode density from 0.85 to 0.41 g cm −3 . Obviously, a higher proportion of micropore-rich YP80 produces a higher SSA. However, a certain amount of G is needed to form a wellconnected network to pack and compress AC particles to obtain a dense bulk material ( Figure S7a ,b, Supporting Information).
If there is insufficient G, there are breaks in the G network ( Figure S7c , Supporting Information) and this has a detrimental effect on the strength of the compression exerted by the graphene sheets to rearrange the AC particles, leading to a lower density. It is thus important to balance the SSA and density. Figure 2f shows that the SSA increases sharply as the AC content reaches 76.5 wt%. A higher AC content results in a moderate increase in surface area but a significant decrease in density. Therefore, 76.5% YP80/G is the optimized sample that can well balance SSA and electrode density, and it exhibits the highest volumetric capacitances of the composite electrodes with different YP80 mass loadings as expected ( Figure S8 , Supporting Information). At this point, the composite has a SSA of 1655 m 2 g −1 and an electrode density of 0.76 g cm −3 . The following parts for the discussion of YP80/G are all based on 76.5% YP80/G.
The monolithic form was maintained after the cylindrical wet gel experienced CEID at room temperature and annealing at 800 °C for an hour (Figure 3a) . The bulk material has a remarkable mechanical strength, for a 76.5% YP80/G monolith with a diameter of around 0.85 cm can support 500 g. This confirms that graphene sheets that have excellent stiffness are able to overlap into a network with an outstanding mechanical performance. The tapping density of the material is calculated to be 0.55 g cm −3 , which is twice that of YP80 (0.27 g cm −3 ). The SEM image in Figure 3a shows the compact packing structure of YP80 and close connection between the YP80 particles and the graphene sheets. In this composite, in addition to the primary role of packing the AC particles, the 3D graphene network provides conductive paths through the composite, and the sheets clinging to the surface of the AC particles. This face-to-face conductive contact effectively reduces the particle contact resistance, which is a major contributor to the resistance of aggregated carbon powders. [37, 38] In addition, the AC particles between the sheets prevent the graphene layers from restacking during electrode manufacture and electrochemical cycling, thus making more effective surface area available for charge storage. Inevitably, there are still some small cracks between the graphene sheets and the AC particles as seen in the SEM, but as the spaces in this dense composite structure, it will actually facilitate ion transport as an ion channel. As an amorphous carbon, YP80 cannot form π-π interactions with graphene sheets and it only has small amounts of oxygencontaining functional group on its surface (3.8% as verified by TGA curve in Figure S9 and the XPS results in Table S3 of the Supporting Information). It is hard for YP80 to form covalent or hydrogen bonds with graphene sheets. Hence, there should be a physical combination between AC and graphene sheets, rather than chemical bonding.
From the X-ray diffraction (XRD) patterns in Figure 3b , a broad peak for YP80 at around 24.4° (002) indicates its amorphous nature and low degree of graphitization. In contrast, the more intense (002) peak in the G sample indicates higher graphitic ordering with an interlayer spacing of 3.45 Å. This peak is weaker in the composite because the stacking of graphene sheets is prevented by the presence of the YP80 particles. In Raman spectroscopy (Figure 3c ), since YP80 is a microcrystalline carbon, an obvious G band, which represents sp 2 -hybridized carbon atoms, is present, while a stronger D band, attributed to disorder, indicates its long-range disordered structure, consistent with the XRD results. After compositing the two carbon materials the I D /I G value is slightly higher because the disorder degree of graphene increases due to the insertion of YP80 between sheets. In addition, since it is important to determine whether compressing the electrodes causes the collapse of pores, [10] N 2 adsorption-desorption isotherms were measured before and after the YP80 powder and YP80/G electrode were compressed (Figure 3d) . Here, YP80/G electrode refers to the calendared electrode containing active materials (YP80/G) and additives after mechanical compression (10 MPa) onto the current collector. Similar to uncompressed samples (2165 and 1492 m 2 g −1 ), the specific surface areas of the YP80 powder and YP80/G electrode are 2147 and 1435 m 2 g −1 after compressing, respectively (Table S4 , Supporting Information). And they exhibit almost the same pore size distribution as shown in Figure 3e . Different from flexible graphene, whose pores are either collapsed or compressed to a smaller size by this treatment, thus causing a significant increase in density, [31] the composite carbon retains its main porosity with a stable pore structure and surface area so its density increase caused by the pressure is greatly limited. As shown in Figure 4 , the electrochemical performances were performed in a symmetric two-electrode system in the ionic liquid of 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF 4 ). For comparison, the YP80 and graphene mixed powder (YP80/G-P) with 76.5% YP80 was prepared without the above gelation process. As expected, the powder sample shows a low density of 0.51 g cm −3 due to the low density of graphene and YP80. In contrast, with the gelation process, YP80/G shows an obviously increased density of 0.76 g cm −3 (inset figure in Figure 4a) . The thick restacked G layers in YP80/G-P led to a lower SSA (1497 cm 2 g −1 ) than YP80/G. Besides, the thick restacked G layers in YP80/G-P is hard to be an efficient conductive additive due to their uneven distribution among the particles ( Figure S10 , Supporting Information), which is also unfavorable for the ion transport. Additive-free electrodes of YP80/G were prepared thanks to the excellent conductive networks formed by the graphene sheets. The specific capacitance of YP80/G, calculated from galvanostatic charge/ discharge curves of cells charged at 4 V ( Figure S11 , Supporting Information), reaches 181 F g −1 at 0.2 A g −1 , nearly comparable to YP80 (containing 10% conductive additive) and higher than that of YP80/G-P, 152 F g −1 (Figure 4a ). As the current density increases from 0.2 to 10 A g −1 , the YP80/G exhibits an excellent rate performance and retains 56.1% of its initial capacitance at 10 A g −1 (102 F g −1 ), much higher than that of YP80 (37.8%) and YP80/G-P (35.5%). Nyquist plots of the three samples (Figure 4b) show that they all have a more ideal capacitive behaviors because of the vertical curves in the low-frequency region. According to the equivalent circuits, the YP80/G exhibits the lowest ohmic resistance (1.58 Ω) and charge transfer resistance (1.81 Ω) ( Figure S12 , Supporting Information). By contrast, the resistance in an ionic liquid electrolyte is higher than that in an organic electrolyte ( Figure S13 , Supporting Information) due to a higher viscosity, lower conductivity and larger ion size of ionic liquid, and YP80/G shows a high specific capacitance of 138 F g −1 at 10 A g −1 in 1 m EMIMBF 4 /AN. However, the neat ionic liquid electrolyte has the advantage of high-voltage stability, resulting in a higher energy density. [21, 22] Bulk YP80/G material has an obvious advantage regarding to volumetric capacitances benefitting from excellent gravimetric capacitance and high electrode density among all samples. As shown in Figure 4c and Figure S14 (Supporting Information), YP80/G has the highest volumetric capacitance of 138 F cm −3 at 0.2 A g −1 , much higher than that of YP80 (78 F cm −3 ), YP80/G-P (75 F cm −3 ), YP80/G foam (60 F cm −3 ), and G (75 F cm −3 ). Such volumetric capacitance advantage is also demonstrated in organic and aqueous electrolytes (Figures S15 and S16, Supporting Information). The Figure 4d exhibits the cyclic stability of YP80/G, YP80/G-P, and YP80. YP80/G retains 91% of its initial capacitance and keeps a stable surface morpho logy ( Figure S17 , Supporting Information) after 5000 cycles at a current density of 2 A g −1 .
Since the porous AC forms the majority of the composite structure, its high SSA ensures a high gravimetric performance. At the same time, the more efficient packing of the AC particles produced by the graphene sheets and capillarity forces, maximizes the volumetric performance of the composite. The Ragone plots in Figure 4e shows that supercapacitors with YP80/G electrodes, which have an excellent gravimetric energy density of up to 101 Wh kg −1 ( Figure S18a , Supporting Information), contribute to an increase in maximum volumetric energy density from 42 to 77 Wh L −1 compared to YP80 electrodes. Due to a superior balance of porosity and density, the YP80/G composite shows the highest volumetric energy density and power density among the samples ( Figure S18 , Supporting Information). Besides, the tight contact between graphene sheets and ACs particles enables an excellent conductive network and the high-efficiency ion transport channels, which are two key factors in helping the compact supercapacitors maintain their rate performance. For further comparison, the YP80/G has a volumetric energy density of 43 Wh L −1 at a power of 7.6 kW L −1 , while the YP80 exhibits 15 Wh L −1 at a power of 4.1 kW L −1 . And the gravimetric and volumetric values both outperform carbon-based materials existing in previously reported electrode materials (Figure 4f and Table S5 , Supporting Information). Moreover, the dense structure ensures that there is sufficient but not redundant space for the electrolyte inside the electrode materials, which greatly promotes the utilization of the electrolyte and reduces the weight and volume fraction of the non-electrochemically active components, thus improving the gravimetric and volumetric energy densities of the final device. [6] Moreover, such a densification strategy can be also extended to other porous yet low-density activated carbons ( Figure S19 , Supporting Information), which has great potential in terms of a high volumetric energy density.
We propose a general densification strategy for packing AC particles in a dense graphene monolith, inspired by the dense structure of pomegranate where irregular grains are compactly packed in the peel. The flexible graphene network package compressed by capillary forces achieve a compact arrangement of the particles and make the AC powder materials into dense bulk materials, while the porous texture of the ACs is well retained. By balancing the porosity and density of the AC/G, the optimized composite increases the electrode density to 1.9 times that of pure AC and achieves a high volumetric energy density of 77 Wh L −1 . This densification strategy has great potential for use with other porous yet low-density granular carbon materials besides ACs for the production of high volumetric energy storage devices, not limited to supercapacitors. Furthermore, to our best knowledge, as the first densification strategy reported for commercial ACs, this method is simple and easily scalable, promising to accelerate the development of industrial supercapacitors with higher volumetric energy densities.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
